predictor of outcome in patients with aneurysmal SAH, cerebral vasospasm is radiographically present in up to 70% of patients and is clinically evident in 20-30%. 1, 3 Annually, between seven and 20 people per 100,000 will experience a ruptured intracranial aneurysm. [4] [5] [6] Fifty per cent of these patients will eventually die, while 15% will be rendered severely disabled. Only one-fifth to one-third of patients who experience a ruptured intracranial aneurysm will go on to have a moderate or good recovery. 7, 8 In large part, this poor prognosis is due to the significant death and disability associated with vasospasm. Approximately 50% of patients with symptomatic vasospasm will develop infarctions, and 15-20% will develop a disabling stroke or die of ischaemia. 9, 10 Despite the clinical significance of cerebral vasospasm and the extensive research efforts dedicated towards elucidating its pathogenesis and therapy, vasospasm remains an incompletely understood clinical problem.
Although progress has been made in the diagnosis and treatment of SAH, the overall prognosis of patients with ruptured intracranial aneurysms remains poor. This article will review current strategies for the management of cerebral vasospasm.
Treatment of Cerebral Vasospasm
Several promising theories have developed from the intense research efforts aimed at cerebral vasospasm following SAH. However, as yet no individual theory has been able to completely explain its pathogenesis, which is complex and likely multifactorial; therefore, therapies directed at the treatment of cerebral vasospasm vary widely in both the intended target and the effect. These therapies can be broadly categorised into four groups according to the mechanism by which they are designed to reduce vasospasm, although no treatment has been found to be universally efficacious. These groups include therapies that prevent arterial narrowing, reverse arterial narrowing, enhance cerebral perfusion and protect against and rescue from cerebral ischaemia (see Table 1 ).
While these groups are not mutually exclusive, and treatment options can potentially affect vasospasm through a variety of ways, they underscore the various ways in which the treatment of cerebral vasospasm can be approached. In order to treat vasospasm aggressively one must first treat the ruptured aneurysm itself, ideally within the first two days after aneurysmal rupture. 4 Once the aneurysm is secured, the treating physician has the complete armamentarium available for the treatment of vasospasm.
Removal of Blood Clot
Cerebral vasospasm has been shown to arise from the presence of clot, specifically red blood cells (RBCs), 11 within the subarachnoid space. A volume-dependent relationship exists between clot burden and subsequent risk of vasospasm. [12] [13] [14] [15] While conflicting opinions remain regarding the exact components within the clot that incite cerebral vasospasm, it is clear that the presence of clot is related to an increased risk of vasospasm.
Knowing that the presence of blood clot can incite cerebral vasospasm, it follows that reducing this clot burden may be an effective treatment for its prevention. Reducing the blood clot associated with SAH, either with direct removal during surgery or with the delivery of catheter-infused tissue plasminogen activator (tPA) into subarachnoid cisterns, has been previously described in the literature. [16] [17] [18] [19] Indlay and colleagues 19 conducted the only randomised trial looking at intra-operative recombinant (r-tPA) therapy, with its injection into the basal subarachnoid cisterns following surgical management of ruptured intracranial aneurysms. They found that several groups tended towards lesser degrees of vasospasm when r-tPA was administered; however, the only statistically significant improvement was seen when it was administered in the setting of thick subarachnoid clots. A later meta-analysis studied a total of 652 patients who were treated with intracisternal thrombolytics. 16 This study concluded that, despite a lack of large, randomised, prospective trials, thrombolytic therapy provided a statistically significant beneficial effect. Their analysis found no difference between those who received intra-operative injections and those who received post-operative treatments. However, the dearth of well-designed prospective, randomised studies means that there are no consistent data supporting this routine practice.
Blockage of Smooth-muscle-cell Contraction
Therapies aimed at blocking the contraction of smooth muscle cells associated with cerebral vasospasm have shown promise. The calcium channel blocker nimodipine is now widely used for patients who experience the rupture of an intracranial aneurysm. This is largely due to clinical trials showing that the use of nimodipine for a period of 21 days after aneurysmal rupture improved outcome in patients with SAH. 20, 21 Although initially thought to prevent vasospasm, nimodipine does not appear to decrease the incidence of angiographic vasospasm; rather, its beneficial effects can be attributed to effects on the microcirculation or through neuroprotection.
On the other hand, another calcium channel blocker, nicardipine, has been shown to decrease the incidence of both symptomatic and angiographic cerebral vasospasm. 22, 23 However, unlike nimodipine it has not been shown to improve outcome, a finding that may be explained in part by the failure to account for use of rescue therapy. Both intra-arterial and intraventricular nicardipine have shown early therapeutic promise; however, further investigation is required. 24, 25 Magnesium has also been investigated in the setting of SAH, albeit with mixed results. In 2005, van den Bergh and colleagues 26 reported the results of their randomised, controlled trial examining intravenous magnesium sulphate in aneurysmal SAH. They observed a 34% reduction in delayed cerebral ischaemia, and a reduction of poor outcome at three months by 23%. 26 Veyna et al. found that magnesium therapy did not reduce vasospasm rates; however they did see trends towards improved outcome. 27 Primate studies have also found that magnesium did not prevent vasospasm. 28 In summary, despite the lack of definitive evidence supporting its use, many centres advocate maintaining high levels of magnesium in patients with aneurysmal rupture due to the potential benefit with a low risk of adverse effects.
Other drugs that inhibit vascular smooth muscle contraction -such as rho-kinase inhibitors -have been studied in cerebral vasospasm.
Fasudil is one such drug that may decrease angiographic vasospasm and computed tomography (CT) hypodensities, as well as decreasing symptomatic vasospasm and poor outcome. 29, 30 This drug has been approved for use in Japan, but has not been extensively investigated or implemented elsewhere.
Statins
Statins are another component of the medical therapy for cerebral vasospasm that have gained prevalence in the setting of SAH. Studies examining statins have shown varying effects in the setting of SAH, including decreased incidence of vasospasm, reduced duration of severe vasospasm and a decreased mortality rate for patients with SAH. [31] [32] [33] These beneficial effects are thought to be secondary to pleiotropic cholesterol-independent influences, including the downregulation of inflammatory processes and the upregulation of nitric oxide (NO) production via preserved endothelial nitric oxide synthase (eNOS) expression. [31] [32] [33] In 2005, Lynch and colleagues 32 studied the effects of simvastatin in patients with aneurysmal rupture and found that 80mg per day both attenuated radiographic vasospasm and delayed ischaemic neurological deficit. In a phase II randomised, placebo-controlled trial looking at the administration of pravastatin for patients with SAH, Tseng and colleagues 31 observed a reduction of cerebral vasospasm and a decrease in delayed ischaemic neurological deficits. Their study showed the administration of statins was the only independent predictor of improved outcome at the time of hospital discharge. Recently, a retrospective cohort study performed at our institution looked at this practice, and
found that the addition of statins to standard post-SAH care did not reduce the development of cerebral vasospasm or improve outcomes. 34 However, further randomised controlled trials are needed to better elucidate its use.
Endothelin-1 Inhibition
Endothelin-1 (ET-1) is another potential contributor to SAH-induced vasospasm. ET-1 is a potent vasoconstrictor and is primarily produced by endothelial cells in response to ischaemia, although it can also be produced by neurons, astrocytes and activated leukocytes. [35] [36] [37] The effects of ET-1 are mediated by two receptor subtypes, ETA and ETB, which activate a G protein and a second messenger system. Located predominantly on smooth-muscle cells, ETA receptors mediate vasoconstriction and proliferation and appear to be critical in the development of cerebral vasospasm. 35 Contributing to the implication of ET-1 in cerebral vasospasm is the finding that ET-1 levels are elevated in the plasma and cerebrospinal fluid of patients with SAH, with elevated levels of ET-1 correlating with the persistence of cerebral vasospasm. [38] [39] [40] Conversely, a decline in ET-1 levels has been observed in the absence of cerebral vasospasm. 39 Efforts to discover a therapeutic solution to cerebral vasospasm have 35, 41 One of these ETA receptor antagonists, clazosentan, is often considered the most promising drug that has been studied for the prevention or reversal of cerebral vasospasm. 35 Clazosentan has been the subject of a phase IIb clinical trial, the Clazosentan to Overcome Neurological iSChemia and Infarct OccUrring after Subarachnoid hemorrhage (CONSCIOUS-1) study. This was a double-blinded, randomised clinical trial that looked at the effects of clazosentan in cerebral vasospasm. The drug was found to decrease the incidence of severe vasospasm, delayed ischaemic neurological deficits and new infarcts seen on CT scans in a dose-dependent fashion. However, it did not show a reduction in patient mortality, although the study was underpowered for this end-point. 42 
Inhibition of Inflammatory Response
The role of inflammation in the pathogenesis of cerebral vasospasm has also been closely investigated. 36, 43 Studies have shown the prominence of inflammation and leukocyte infiltration in the blood vessel walls following exposure to blood in the subarachnoid space. 44, 45 Additionally, leukocyte concentrations are elevated in the cerebrospinal fluid (CSF) of patients who develop SAH-related ischaemia, 46 and adhesion molecules -such as ICAM-1, VCAM-1 and E-selectin -are similarly elevated in the CSF of patients with SAH and in blood vessel walls exposed to clot, in a time pattern that coincides with the natural course of cerebral vasospasm. 36, 47 Leukocytes can contribute to vasospasm in a variety of ways, including the promotion of free radical formation, 48, 49 the production of vasoactive substances such as leukotrienes and ET-1 37 or the consumption of NO. 43 Cytokines may also be involved, with a profound alteration of their expression following SAH that correlates with the time course of vasospasm, [50] [51] [52] and therapies targeting cytokines have demonstrated preliminary therapeutic efficacy. 53, 54 Despite the suspected role of inflammation in cerebral vasospasm, standard therapy for patients with aneurysmal SAH does not include antiinflammatory therapy. Several drugs directed at the inflammatory response have been used with varying levels of success, including nonsteroidal anti-inflammatory agents, FK-506, methylprednisolone, cyclosporine A and a host of other anti-inflammatory agents. 36 The limited success of therapies directed at the inflammatory response is largely due to the fact that the critical constituents of the inflammatory response that contribute to vasospasm remain ill-defined. At this point there is no definitive role for anti-inflammatory therapy; however, it remains an area of great potential for future investigations.
Bilirubin Oxidation Products
One of the components of the subarachnoid clot that has been given particular attention in the potential pathogenesis of cerebral vasospasm has been bilirubin oxidation products (BOXes). BOXes cause smoothmuscle injury with subsequent vasoconstriction, and CSF levels have been noted to correlate with the time course of cerebral vasospasm. 55, 56 Increasing data have accrued supporting the role of BOXes in the pathogenesis of vasospasm in the setting of SAH and, as such, increasing attention has been paid to finding treatments that counteract their effects. 55 As a component of the subarachnoid clot associated with cerebral vasospasm, perhaps the most effective method to counteract the potential effects of BOXes is the removal of clot, as discussed above. Other options include the prevention of bilirubin formation or the inactivation of bilirubin or BOXes. Although they have not been sufficiently studied, haeme oxygenase inhibitors have the potential to decrease the formation of bilirubin and the subsequent formation of BOXes. 55 Free radical scavengers such as tirilazad have failed to produce benefit in the setting of SAH, 57,58 although they remain an area of potential benefit.
Prophylactic Angioplasty
Prophylactic angioplasty is another therapeutic modality that has potential benefits for the prevention of cerebral vasospasm. There is little literature examining the use of angioplasty prophylactically for patients with aneurysmal rupture. Its use has been shown to prevent the development of vasospasm in patients who are considered at high risk of cerebral vasospasm. 59 Currently, however, this is not a widely adopted and mild haemodilution for patients demonstrated to be in cerebral vasospasm. 61 Although opinions vary regarding the absolute necessity of haemodilution, the induction of hypertension and hypervolaemia with vasopressors in combination with volume expansion is considered the most effective way to quickly reverse the neurological deficits associated with cerebral vasospasm, with response rates approaching 70%. 62, 63 Nitric Oxide NO is a potent vasodilator that has been shown to play a significant role in the pathogenesis of cerebral vasospasm, largely because of the vasoconstriction -or rather the lack of vasodilation -seen with the depletion of NO. 64 There are several mechanisms by which this depletion may occur in the setting of SAH, including the downregulation or inhibition of NO synthases 38, [65] [66] [67] and the scavenging of NO by haemoglobin released during the breakdown of the subarachnoid clot. 68, 69 Further potentiating the effects of NO on cerebral vasospasm is the finding that NO may reverse the vasoconstriction seen with ET-1, with subsequent reduction of ET-1 levels. 38, 70 For these reasons, it follows that increasing the levels of NO in post-SAH patients would have potential in the prevention and treatment of cerebral vasospasm. Primate studies have shown that infusion of the NO donor sodium nitrite prevented cerebral vasospasm. 71 However, further work is still required before an NO donor can be adopted for use in SAH patients.
Currently, a phase I clinical trial examining sodium nitrite is under way, and subsequent clinical trials are being planned.
Another potential avenue to increase NO production in the setting of SAH is erythropoietin (EPO), which may aid in the prevention of cerebral vasospasm by increasing the phosphorylation of eNOS. 72 EPO is also potentially neuroprotective, 73, 74 increasing its usefulness in patients with aneurysmal SAH.
Endovascular Treatment for Established Vasospasm
The endovascular treatment of established vasospasm can involve both medical and mechanical approaches. This includes transluminal balloon angioplasty of spastic segments of large intracranial arteries, 75, 76 and the intra-arterial injection of vasoactive substances such as papaverine, verapamil, nicardipine and nimodipine. [77] [78] [79] [80] These interventions can be productive; however, in order to maximise their effectiveness they need to be administered in a timely fashion, and repeated treatments may be required.
Conclusion
Aneurysmal SAH is a potentially devastating condition with significant associated morbidity and mortality. 
